Heusler compounds are of interest as electrode materials for use in magnetic tunnel junctions (MTJs) due to their half metallic character, which leads to 100% spin polarization and high tunneling magnetoresistance. Most work to date has focused on the improvements to tunneling magnetoresistance that can stem from the use of Heusler electrodes, while there is much less work investigating the influence of Heusler electrodes on the spin transfer torque properties of MTJs. Here, we investigate the bias dependence of the anti-damping like and field-like spin transfer torque components in both symmetric (Co 2 MnSi/MgO/Co 2 MnSi) and asymmetric (Co 2 MnSi/MgO/CoFe) structure Heusler based MTJs using spin transfer torque ferromagnetic resonance. We find that while the damping like torque is linear with respect to bias for both MTJ structures, the asymmetric MTJ structure has an additional linear component to the ordinarily quadratic field like torque bias dependence and that these results can be accounted for by a free electron tunneling model. Furthermore, our results suggest that the low damping and low saturation magnetization properties of Heusler alloys are more likely to lead significant improvements to spin torque switching efficiency rather than their half metallic character. Spin transfer torque Magnetic Random Access memory (STT-MRAM) is an emerging non-volatile memory technology that promises fast read and write times as well as essentially infinite endurance. [1] [2] [3] [4] Information is encoded in STT-MRAM in the state of nano-scale magnetic elements that comprise a magnetic tunnel junction (MTJ). The state of the magnetic element is sensed using the tunneling magnetoresistance (TMR) effect, [5] [6] [7] [8] while the writing process is based on using spin angular momentum transfer from spin-polarized electrical currents. [9] [10] [11] Currently, there is intense interest in investigating the physics and materials science of STT-MRAM devices for technological applications. One of the critical issues for technological viability of STT-MRAM is to reduce the current density required for switching the magnetic state of devices while maintaining high thermal stability of the magnetic elements. Moreover, one must have a sufficiently high TMR for readout of the magnetic state.
Recently, Heusler materials 12 have been proposed as electrode materials for MTJs due to their half metallic character, which is predicted to give rise to 100% spin polarization. Such large spin polarizations are thus expected to give rise to large TMR and also to increased switching efficiency. 13 Indeed, several reports have measured very high TMR in MTJs that are formed from Heusler materials. [14] [15] [16] [17] [18] However, there is much less work investigating the influence of the unique electronic structure of Heusler materials on the STT. Moreover, most studies of MTJs formed using Heusler electrodes involve free layers which are too thick (>5 nm) to investigate the STT switching phenomenon. In this letter, we use the spin torque ferromagnetic resonance (STFMR) technique to measure the bias dependence of the STT [19] [20] [21] . The Cr and Co 2 MnSi layers were deposited at room temperature and then annealed at 700 C and 500 C. We use Rutherford backscattering spectrometry (RBS) measurements to determine that the deposited CMS films have composition very close to 2:1:1 stoichiometry with Co, Mn, and Si atomic concentrations as 49.2 6 2%, 26.8 6 2%, and 24 6 1%, respectively. Fig. 1 Published by AIP Publishing. 110, 172403-1 electron microscopy image taken of a cross-section of a representative device. The CMS layers show excellent epitaxy to both the Cr underlayer and the MgO layer. We note that there is very little Cr diffusion in the CMS layers as well. The free layer in each structure is a 20 Å thick Co 2 MnSi (Heusler) layer. Both the reference and the free layer are patterned into rectangular cross sections. MTJs are patterned from the films by electron-beam lithography and Argon-ion milling into three to one aspect ratio sized devices, with the short axis of the device ranging from 50 nm to 150 nm. The devices shown in this paper are 50 Â 150 nm 2 . Several devices of different sizes fabricated from the same film were measured and showed similar behavior. In our experiment, the voltage convention is defined such that positive bias corresponds to electrons flowing from the reference layer into the free layer. The experiments reported here are all performed at room temperature. X-ray diffraction (XRD) data are shown for a film stack comprising the free layer composed of (MgO substrate j 20 MgO j 400 Cr j 20 Co 2 MnSi j 9 MgO j 50 Ta), a stack comprising a full MTJ stack (MgO substrate j 20 MgO j 400 Cr j 30 Co 2 MnSi j 9 MgO j 30 Co 2 MnSi j 20 Co 70 Fe 30 j 150 IrMn 3 j 50 Ta j 50 Ru), and a stack similar to the free layer but with a 30 nm CMS layer (MgO substrate j 20 MgO j 400 Cr j 300 Co 2 MnSi j 25 MgO j 50 Ta) ( Fig. 1(b) ). Clear peaks showing (200) and (400) oriented CMS are shown for the 30 nm thick CMS film. For films with much thinner ($2 nm) CMS layers, it is difficult to obtain sufficient XRD intensity, but the full MTJ stack shows evidence of a shoulder representing (400) oriented CMS. The patterned full MTJ stack also contains additional peaks corresponding to Au, Ru, and IrMn 3 layers (see Fig. S1 in the supplementary material for the complete annotated XRD pattern of this full MTJ stack). The Au layers are deposited to make contact to the MTJ devices. SQUID magnetometry (Fig. S2 , supplementary material) on our films showed that the saturation magnetization to be 1089 emu/cm 3 and the effective magnetization to be 1050 emu/cm 3 . The MTJs exhibit square resistance R ð Þ vs. magnetic field H ð Þ minor loops with TMR of 88% in the CMS j MgO j CMS device and 19% in the CMS j MgO j CoFe device (Fig.  S3, supplementary material) . Figs. 1(c) and 1(d) show the bias dependence of differential resistance (dV=dI) in both parallel (P) and anti-parallel (AP) configurations of the devices, as well as the bias dependence of the TMR. We note that the change in dV=dI with respect to bias is more significant in the AP state compared to the P state. This behavior is similar to what has been observed in non-Heusler based MTJs and is commonly attributed to either the energy dependence of the density states of the electrode materials or energy-dependent transmission through the tunnel barrier. 24, 25 At high bias, the excitation of magnons 26 can also reduce dV=dI. The TMR shows a dramatic decrease with voltage bias and becomes almost insignificant at high bias. At zero bias, the TMR value is 88% for the CMS j MgO j CMS device and then decreases to only 22% at 400 mV bias. By comparison, we note that dV=dI in both the AP and P states and the TMR decrease much less significantly with increasing bias for the CMS j MgO j CoFe device. Nevertheless, the CMS j MgO j CoFe displays a notable asymmetry in dV=dI as a function of the bias voltage polarity.
We use the STFMR technique to measure the STT components as a function of an applied bias voltage. Fig. 1(e) shows an illustration of the measurement circuit. This technique is based on the detection of a DC rectification voltage signal (V mix ) produced by an applied radio-frequency current (I rf ) and magnetoresistance signal that oscillates at the same frequency as I rf . The magnetic field is applied in plane along the hard axis direction of the free layer of the MTJ in these experiments. Fig. 1(f) shows an example of representative signals that are observed with the addition of a DC bias voltage applied across the MTJ for the CMS j MgO j CMS device. The change in the lineshape of the resonance peak with respect to bias voltage can be utilized to obtain the bias dependence of the STT components. We utilize a flatness correction procedure that has been discussed in the literature 19 to account for the frequency (f ) dependence of the applied RF current stemming from losses and standing waves along the cable. The spectra of V mix that are obtained as a function of magnetic field and frequency of the RF current are shown in Figs. 2(a) and 2(b) for the symmetric and asymmetric stacks, respectively. Line cuts of V mix =I 2017) uniform modes that are formed from coupled modes of the free layer and the fixed layer or from standing wave modes. 27, 28 The resonant frequency ðf 0 Þ of these dominant modes can be plotted as a function of magnetic field, as shown in Figs. 2(e) and 2(f). By fitting to the Kittel equation, we obtain an effective magnetization M eff value of the free layer of 492 emu/cm 3 . The M eff that we measure is significantly smaller than that determined by out of plane vibrating sample magnetometry measurements of blanket films of 1050 emu/ cm 3 . This is consistent with previous reports of ferromagnetic resonance performed on in-plane magnetized MTJs with magnetic field applied in plane and in the hard-axis direction of the MTJ free layer and is commonly attributed to patterning induced defects and dipolar coupling between the different MTJ layers. [28] [29] [30] Indeed, the difference in the resonant frequency for a given magnetic field in both MTJ stacks is due the different dipolar coupling between the reference and free layers since the reference layer for both stacks is not identical.
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The V mix signal that we measure can be decomposed into symmetric and asymmetric components, as is described by the following equation:
rf ½SF s ðf Þ À AXF A ðf Þ; where h is Planck's constant, c 0 is the gyromagnetic ratio, h is the angle between the magnetization of the two layers that are separated by the tunnel barrier (namely, the free layer and the bottom most layer of the reference layer), M s is the saturation magnetization of the free layer, V is the volume of the magnetic free layer, e is the electron charge, and D is the linewidth of the resonance. The first term of the equation is a rectification voltage that is produced by the non-linearity ( dI derived based on using the formalism. The torkances can further be integrated in order to obtain the full bias dependence of the individual torque components which are shown in Figs. 3(e) and 3(f) . For the symmetric device (blue triangles), the damping like torque (s jj ) at low bias is linear with respect to bias voltage, with an enhancement at high bias due to heating, while the field like torque ðs ? Þ shows a quadratic bias dependence. The bias dependence of this symmetric Heusler electrode based device is thus consistent with conventional symmetric ferromagnetic electrode based MTJ structures that have been studied both experimentally 19, 20 and theoretically. 31 In the asymmetric structure device (red triangles), we find a linear bias dependence in the damping like torque as well, but on the contrary to the symmetric device, there is an additional linear 172403 (2017) component to the bias dependence of the field like torque on top of the quadratic component (see Fig. 3(f) ). The Gilbert damping of our electrodes can also be attained using our ST-FMR data given by a ¼ 2D=ðf 0 X þ X À1 ð Þ . We find that the Gilbert damping for the CMS layers in our devices is given by 0.0166 6 0.0005 and is comparable to that of polycrystalline Co 2 FeAl at similar thicknesses (by comparison, the Gilbert damping is given by 0.0018 6 0.00015 for a 30 nm thickness CMS film that is deposited by the same procedure (Fig. S4, supplementary material) ).
To understand our results, we use a model that has been proposed by Manchon et al. 32 that can be used to calculate the bias dependence of both STT components and the conductance. The model, which is schematically illustrated in Fig. 4(a) for the generic case of a MTJ with asymmetric electrodes, treats both magnetic electrodes of the MTJ with spin-split free electron dispersion relations (Fig. 4(a) ). Each electrode is modeled as having an exchange splitting J i and workfunction / i , where i ¼ L; R for the left and right electrodes, respectively. We model the Co 2 MnSi electrodes by considering them to be close to the half-metallic limit. The Fermi-level is at 2.25 eV whereas the exchange splitting 14 is taken to be J ¼ 2.05 eV. The work function for this electrode is 3.55 eV based on literature values. 33 The thickness of the tunnel barrier is chosen to be 8 Å . The CoFe layer is simulated by considering an exchange splitting 25 4(d) ), the salient features of our experimental data can be accounted for in the observed torque bias dependence as well as for the differential resistance bias dependence. The torques are plotted in normalized form as follows: the parallel component of the torque is normalized to the torkance value at zero bias voltage of the CMS j MgO j CMS structure, while the perpendicular torque is normalized to the perpendicular torque value at zero bias. The differential resistances are normalized to the differential resistances in the parallel state at zero bias. We find that the main observed features in the asymmetric structure data can be accounted for by considering only the differences in the exchange coupling of both magnetic electrodes. The work function difference can account for the observed conductance variation, but it actually predicts trends in the field like torque that are opposite to what we observe. This implies that the experimental trends we observe most likely arise due to the change in the relative band filling of the majority and minority spin sub-bands in both the symmetric and asymmetric structures, rather than due to the work function changes in the band structure of the Co 2 MnSi and CoFe electrodes. While our model considers the electrodes to be close the half-metallic limit, we have also performed a model with fully half metallic electrodes and find the similar trends (Fig. S5 , supplementary material).
It is also useful to examine the torque per unit electron that we obtain in our MTJs, which is given by the differential torques in Figs. 3(c) and 3(d) and to compare predictions from an elastic tunneling model. For the symmetric device, we find a torque per unit electron of (0.91 6 0.05) h 4 sinðhÞ. Based on the TMR value of 88%, we expect a polarization P ¼ 0.55 based on using the Julliere model 35 and hence a torque per unit electron of 0.85 h 4 sinðhÞ. Moreover, even in the case we could develop a perfect half-metallic electrode, i.e., fully spin-polarized (P ¼ 1), the value of the torque per unit electron in the latter case would only change to h 4 sinðhÞ. This implies that the torque per unit electron in our material under study is already close to this maximum value. We surmise that this is due to the excellent spin filtering properties of the MgO barrier 5, 6 as Heusler electrodes such as CMS have very little lattice mismatch to MgO. 12 Indeed, standard CoFeB electrodes interfaced with MgO are also already very close to the ideal case. 19 Nevertheless, for technological applications, one can still improve the STT efficiency using Heusler materials, by studying their low saturation magnetization values and low Gilbert damping. 12 In particular, the half metallic properties of Heusler compounds can still improve MTJ switching efficiency through suppression of the interband scattering contribution of the Gilbert damping. 36, 37 Moreover, the high spin polarization of MTJs using Heusler electrodes will also be useful in improving the TMR. Additionally, consistent with conventional ferromagnetic metal based MTJs, we find that the STT stays finite and large even when the TMR is suppressed with bias voltage.
In summary, we have measured the bias dependent STT components in both CMS j MgO j CMS and CMSj MgO j CoFe based MTJ structures and have correlated our results to a free-electron model, which can account for the experimental data. Our findings show that for the symmetric MTJ structure, the damping like torque displays a linear bias dependence and the field like torque shows a quadratic bias dependence. This is consistent with what is also typically observed in symmetric MTJ structures made with standard ferromagnetic (i.e., CoFeB) electrodes. Instead in the asymmetric structure, the field like torque is asymmetric with Normalized differential resistance dV=dI in anti-parallel (AP) (red) and parallel (P) (blue) states for the CMS j MgO j CMS structure and dV=dI in anti-parallel (AP) (green) and parallel (P) (black) states for the CMS j MgO j CoFe structure calculated based on the model.
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Zhang et al. Appl. Phys. Lett. 110, 172403 (2017) respect to the bias voltage and contains an additional linear component on top of the quadratic dependence that is usually observed in the symmetric MTJ structure. Lastly, we find that, in the context of STT-MRAM, the half-metallic character of the Heusler electrodes is likely to be more beneficial for improving the TMR and that the low saturation magnetization and damping of Heusler compounds are the intrinsic properties that will be more useful in order to reduce the current densities required for STT driven magnetization reversal.
See supplementary material for an annotated XRD pattern of the patterned full MTJ stack, magnetization characterization measurements, representative easy axis RH-loops of the devices considered, stripline FMR data of the 30 nm CMS film, and theoretical modeling of the STT and differential conductance in the fully half metallic limit.
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